Objective-Carotid high-risk plaque, characterized by intraplaque hemorrhage, fibrous cap rupture, and large lipid-rich necrotic core, is associated with cerebrovascular events. This study sought to investigate the relationship between highrisk carotid plaque and an incomplete circle of Willis (COW). Approach and Results-Patients were recruited from a multicenter study, Chinese Atherosclerosis Risk Evaluation (CARE-II) and underwent 3-dimensional time-of-flight magnetic resonance angiography for intracranial arteries and 2-dimensional multicontrast magnetic resonance vessel wall imaging for carotid arteries on a 3.0T magnetic resonance scanner. The integrity of the COW in anterior and posterior portions was evaluated. Characteristics of carotid plaques were assessed. Correlation between incomplete COW and carotid plaque features was determined. 
S troke has become the leading cause of death in China. It is well established that disruption of vulnerable atherosclerotic plaques in carotid arteries may trigger the occurrence of ischemic stroke. 1, 2 Many previous studies have shown that intraplaque hemorrhage (IPH), as a key feature of vulnerable plaques, accelerates plaque progression and leads to subsequent plaque rupture. 3, 4 However, the mechanism of IPH development and its evolution in plaque progression is still unclear. The risk factors related to the presence of carotid artery IPH for stroke prevention have not been fully investigated.
Currently, the most widely accepted hypothesis on the mechanism of IPH development is that it is because of the interaction between fragile neovessels within plaques and local hemodynamics. 5 Recent studies have demonstrated that the metrics of blood pressure, particularly pulse and diastolic pressure, 6, 7 were associated with carotid IPH. High blood pressure will increase the maximum principal stress and may stimulate rupture of neovessels and subsequent occurrence of IPH. In general, the autoregulation system plays an important role in maintaining the stability of blood pressure, and the circle of Willis (COW) is the most important pressureequalizing and distribution system for blood supply to the brain. [8] [9] [10] The COW can maintain adequate blood flow via its anatomic structures, especially in patients with cerebrovascular diseases. [11] [12] [13] Previous studies reported that an incomplete COW in patients with carotid artery disease is correlated with ischemic stroke. [14] [15] [16] [17] Investigators found that an incomplete section of the COW, such as the absence of anterior communicating artery (ACoA) or posterior communicating artery, could result in the increases in blood pressure and blood flow in patients with internal carotid artery (ICA) stenosis.
increase the blood flow through leptomeningeal collaterals if a patient has poor COW integrity. As such, we hypothesize that there might be potential links between integrity of COW and the presence of carotid plaque IPH.
This study sought to investigate the relationship between an incomplete COW and the presence of IPH of atherosclerotic plaques in carotid arteries.
Materials and Methods
The data that support the findings of this study are available from the corresponding author upon reasonable request.
Study Subjects
Subjects were recruited from a multicenter study A CARE-II (Chinese Atherosclerosis Risk Evaluation II). The primary aim of the CARE-II study was to determine the prevalence of highrisk carotid plaques in patients with cerebrovascular events in the Chinese population. Inclusion criteria include (1) age range from 18 to 80 years old; (2) recent (<2 weeks) cerebrovascular events; and (3) atherosclerotic plaque in at least 1 side of the carotid artery as identified by ultrasound. Patients with cardiogenic stroke, previous history of carotid revascularization, including stenting and endarterectomy, or contraindications to magnetic resonance (MR) examination were excluded. Detailed design of the CARE-II study has been previously published. 21 Clinical information, including age, sex, and history of hypertension (defined as systolic blood pressure ≥140 mm Hg or diastolic blood pressure ≥90 mm Hg), antihypertensive agent use, smoking, diabetes mellitus, hyperlipidemia, statin use, coronary heart disease, and cerebrovascular disease was collected. The levels of lipoprotein, including HDL (high-density lipoprotein), LDL (low-density lipoprotein), triglycerides, and total cholesterol were noted. The study protocol was approved by the Institutional Review Board of Tsinghua University (Approval No. 20150108) and local Institutional Review Board of the imaging sites. The Ethical guideline that governed conduct of the study is the Helsinki Declaration of 1975 (and as revised in 1983). The written consent form was obtained from each subject before enrollment.
MR Imaging
All patients underwent a routine 3D time-of-flight (TOF) MR angiography (MRA) for intracranial arteries and 2-dimensional multicontrast MR vessel wall imaging for carotid arteries on a 3.0T MR scanner (Philips Achieva TX; Philips Healthcare, Best, the Netherlands) with an 8-channel dedicated carotid coil. The imaging parameters for TOF MRA are as follows: 3-dimensional TOF: fast field echo, repeat time/ echo time 25/3.5 ms, flip angle 20°, field of view 4.5×20×20 cm 3 , and spatial resolution 0.7×0.7×1.4 mm 3 . Carotid multicontrast MR vessel wall imaging was performed using a standard protocol, including TOF, T1W-QIR (T1-weighted quadruple inversion recovery), T2-MDIR (T2-weighted multislice double inversion recovery), and MP-RAGE (magnetisation prepared gradient recalled echo) with published parameters.
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Image Review
The COW was divided into 2 anatomic sections ( Figure 1 ): anterior COW (A-COW) and posterior COW (P-COW). The integrity of the COW was then evaluated. The absence of any structure on MRA images in each of the 2 parts was considered as an incomplete COW and classified by section. For example, the absence of ACoA (or left anterior cerebral artery or right anterior cerebral artery) was considered as an incomplete A-COW. This evaluation was conducted independently from the carotid MR image review.
Carotid MR images were reviewed by 2 radiologists with >5 years' experience in cardiovascular MR imaging using CASCADE (computer-aided system for cardiovascular disease evaluation; UW, Seattle). Morphology of carotid arteries, including lumen area, wall area, total vessel area, maximum wall thickness, and normalized wall index (wall area/total vessel area×100%) was measured. Presence or absence of plaque components, such as calcification, lipid-rich necrotic core (LRNC), IPH, and fibrous cap rupture (FCR) was determined using published criteria. 22 Large LRNC was defined as %LRNC ≥40%. The %LRNC represents percentage of the LRNC area occupying vessel wall area. Presence of high-risk plaque was determined when plaque had IPH, FCR, or large LRNC. For each subject, the mean values for lumen area, wall area, total vessel area, and normalized wall index and the maximum value of maximum wall thickness were taken from corresponding measurements in bilateral carotid arteries. The presence of plaque compositional features was determined when the corresponding feature was present on either side of the carotid artery for each patient. The Kappa value for identification of IPH, LRNC, and FCR was 0.82 (95% CI, 0.68-0.96) and 0.62 (95% CI, 0.43-0.81), 0.69 (95% CI, 0.40-0.98) and 0.58 (95% CI, 0.20-0.95), and 0.96 (95% CI, 0.87-1.00) and 0.74 (95% CI, 0.57-0.91) in intra and interreader reproducibility, respectively. 23, 24 The luminal stenosis of carotid arteries was measured on the reconstructed images of 3-dimensional TOF with algorism of maximum intensity projection using NASCET (North American Symptomatic Carotid Endarterectomy Trial) criteria. 25 
Statistical Analysis
The continuous variables were expressed as mean±SD, and discrete variables were presented as percentage. The prevalence of incomplete COW in patients with and without different plaque compositions was compared using repeated-measures analysis with Bonferroni adjustment for post hoc comparisons. Univariate and multivariate regression analyses were utilized to calculate odds ratio and corresponding 95% CI of incomplete COW in discriminating presence of carotid IPH and FCR. Multivariate regression was conducted by adjusting for clinical confounding factors. The correlation between carotid artery stenosis and incomplete ipsilateral COW was determined by Spearman correlation analysis. For the repeated comparisons, the level of P value for statistical significance was adjusted with 0.05/ times of comparisons. A P value of <0.05 was considered statistically significant for other statistical analyses. All statistical analyses were performed using SPSS 16.0 (SPSS, Inc, Chicago, IL). 
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Results
Of 1047 patients enrolled in the CARE-II study, 482 patients had both routine 3-dimensional TOF MRA for intracranial arteries and completed 2-dimensional multicontrast MR vessel wall imaging for carotid arteries and were included in this study. 
Carotid Plaque Morphology and Compositions
The lumen area, wall area, and total vessel area were 44.8±14. Table 3 ). The associations of incomplete P-COW with carotid IPH (Table 3) and FCR (Table 4) were not statistically significant before and after adjusting for the above clinical risk factors (all P>0.05).
Discussion
This study investigated the relationship between the conditions of COW and the compositional features of atherosclerotic plaques in the carotid arteries. Our study showed that an incomplete COW was significantly associated with the presence of IPH in carotid atherosclerotic plaques. Our findings suggest that the condition of the COW may play a role in occurrence of carotid high-risk plaque features. Interestingly, previous studies have also pointed to the significant role of hemodynamic force in carotid plaque stability. This study suggests the important role of the COW in relationship to the overall hemodynamic conditions in the cerebrovascular system. In the present study, an incomplete COW was prevalent (overall, 87.3%; A-COW, 40.7%; P-COW, 79.7%) in symptomatic patients. This incidence rate of an incomplete COW was higher than previous literature has reported. A study by Göksu et al 26 showed that an incomplete COW can be seen in 72.6% of patients with symptomatic carotid artery atherosclerotic disease. In healthy male subjects, investigators found that the prevalence of an incomplete COW was 21.4% and 83.9% in anterior and posterior communicating arteries, respectively. 27 The inconsistence of an incomplete COW among different studies may be because of differences in study populations and their clinical conditions.
We found that the prevalence of an incomplete A-COW was significantly higher in patients with IPH in carotid plaque than those without, especially the absence of ACoA. Interestingly, we 28 speculate that hypertension might be a physiological response to increasing blood flow through leptomeningeal collaterals and maintain high blood pressure if a patient has poor COW integrity. Investigators found that no blood flows across the ACoA when there is no stenosis occurred in carotid artery. 29 Previous studies documented that the collateral flow rates in the ACoA increased with the increases of the degree of stenosis of ICA. The cross-flow in the ACoA is a sensitive indicator for anatomic remodeling of the stenotic disease via buffering the blood pressure in the ICA. 30 Therefore, once A-COW is incomplete, especially the absence of ACoA, it is unable to effectively regulate the blood pressure in stenotic ICA. Investigators reported that higher blood pressure, especially pulse pressure, was associated with the progression of atherosclerotic plaque and carotid plaque IPH. 6, 31 Mechanically, high blood pressure will increase the maximum principal stress and stretch around neovessels and stimulate rupture of neovessels and subsequent occurrence of IPH. 32 A study by Teng et al 5 showed that local critical mechanical environments, such as local maximum principal stress, stretch, and their variations, around neovessels might result in the rupture of neovascularization and expansion of IPH. Therefore, high blood pressure might be an intermediate link between incomplete COW and carotid plaque IPH.
In the present study, we did not find significant correlation between incomplete COW and presence of FCR. As one of the critical consequences of plaque progression, FCR has been demonstrated to be effective predictor for ischemic cerebrovascular events (hazard ratio, 5.93; 95% CI, 2.65-3.20). 33 Tang et al 34 suggested that FCR possibly occurred when the extra loading exceeds its material strength, such as blood pressure and hemodynamic flow. And Ohayon et al 35 found that FCR was the result of a failure of the balance between the endovascular blood pressure and its residual stress. The role of an incomplete COW in carotid FCR needs further investigation in future studies.
For patients with nonhemorrhagic LRNC, in the present study, no significant differences can be found in prevalence of an incomplete COW between patients with large LRNC and those with small LRNC. Previous studies documented that the size of LRNC was related to higher levels of cholesterol. [36] [37] [38] Pletsch-Borba et al 38 also reported that female sex was an independent protective factor for incidence of LRNC (odds ratio, 0.48; 95% CI, 0.27-0.85). However, no direct links were reported between blood pressure and the size of LRNC in previous studies. As we discussed before, it could be seen that an incomplete COW affected the balance of blood pressure. As such, we speculate that an incomplete COW may not play a role in the size of nonhemorrhagic LRNC.
There are several limitations in this study. First, this is a cross-sectional study lacking longitudinal data. In a prospective study by van Seeters et al, 17 incomplete anterior COW combined with incomplete posterior COW was related to future anterior circulation stroke, but the integrity of COW had no effect on the relation between asymptomatic ICA stenosis or occlusion and future stroke. It might be interesting to investigate the predictive value of incomplete COW combined with carotid IPH for future cerebrovascular events. Second, in the present study, we analyzed the integrity of the COW without taking into account the hypoplasia of the vessels composing the COW. COW segments are often small, and MRA may underestimate the proportion of patients with complete COW. Previous studies have shown that when the lumen diameter was below a certain threshold, the collateral circulation function of COW could not be effectively achieved. 39 Therefore, the different classifications of an incomplete COW should be applied in the future studies. Third, the integrity of COW was evaluated by TOF MRA, which is known to have lower sensitivity for detecting low or turbulent flow and challenging to capture the flow velocity and direction information in COW. It might be interesting to use phase contrast MRA or 4-dimensional flow imaging to evaluate the hemodynamics within the vessels composing COW. Finally, according to our findings, we assumed that the increases in blood pressure might be the intermediate link between incomplete COW and carotid plaque IPH. This assumption and its underlying mechanism need to be studied in future studies.
In conclusion, an incomplete COW is independently associated with high-risk features of carotid artery atherosclerotic plaques, particularly IPH.
